A model of a multibody system is established to investigate the dynamic response of an oil tube-shock absorber-perforating gun system in downhole perforation-test joint operation. In the model, the oil tube and perforating gun are modeled as elastic rods and the shock absorber is modeled as single particle system with damping and a spring. Two force continuity conditions are used to simulate the interactions among the three components. The perforation impact load is determined by an experiment of underwater explosion of perforating bullets. Using the model, the effects of charge quantity of perforating bullet, the number of shock absorbers, and the length of oil tube on the dynamic response of oil tube and packer are investigated. On this basis, a basic principle of the combination design of shock absorber and oil tube is proposed to improve the mechanical state of downhole tools. The study results can provide theoretical support for the design of downhole perforation-test joint operation.
Introduction
In the perforation-test joint operation of oil-gas development, in order to improve perforation efficiency, high perforation density and perforating bullet with high explosive charge are widely used, resulting in the strength increase of explosive load as well as worse mechanical state of the downhole tools, as shown in Figure 1 . In extreme conditions, the explosive load may cause overall buckling of tube string and damage of downhole tools [1, 2] including test equipment and packer, as shown in Figure 2 . So, how to deal with the contradiction between the improvement of perforation efficiency and the safety of the tube string system becomes an urgent problem to be solved.
The study on the mechanics of tube string can be traced back to the helical buckling theory of packer pipe string, which was put forward by Lubinski et al. [3] in 1962. However, it is only in recent years that the research on the mechanics of the perforated tube string has been carried out [4] [5] [6] [7] [8] [9] [10] [11] . Using the gap element theory of finite element method (FEM), a three-dimensional static analysis model of a perforated tube string was established by Zhang et al. [5] . Yin et al. [12] also used a static analysis model to examine the effect of high pressure and perforation gun on tube string and showed that the high pressure formed in the sealing section at the moment of perforation is one of the main factors that cause the vibration of the string and the damage of test equipment.
A cross combination scheme of shock absorber and damping oil tube was proposed by Fan and Li [13] to minimize the effects of the shock wave energy on packer and test instrument. However, this method lacks theoretical basis. A ground simulation test system has been used by Lu et al. [14] to investigate the pressure and acceleration responses at the end of a perforation tube string. A preliminary understanding of the dynamic response characteristics of perforation string suffering explosion shock load is obtained. However, the dynamic response of under tube string and the effect of impact load on packer remained unclear.
A vibration model of perforated tube-shock absorber was established by Liu et al. [15] to investigate the influences of system parameters on the vibration response of oil tube. However, in the model the effect of perforation gun is not considered and the perforating load was not verified by experimental data. Zhou [16] , Teng [17] , and Kang et al. [18] applied the software of LS-DYNA to simulate the process of perforation bullet explosion, jet formation, and the jet penetration of casingcement-stratum. Zhang et al. [19] used ANSYS/AUTODYN software to investigate the effects of the length of perforation zone, the interval time of perforation bullet explosive, the charge quantity in a perforation bullet, the physical conditions of artificial bottom hole, "pocket" depth, and other parameters on the perforation impact load. Li et al. [20] presented a dimensionless expression of perforation impact loads as well as its engineering calculation formula. Based on the formula, the buckling behavior of the perforation tube string of an actual well was analyzed. In these studies, the focuses were put on explosive process of perforating bullet and the pressure distribution in the wellbore. The effects of perforation parameters on the dynamic response and stability of oil tube and the force acting on packer remained unclear.
A longitudinal vibration model coupling the testing tube and shock absorber was used by Huang [21] to investigate the effects of perforation parameters on the dynamic behaviors of oil tube and packer. Another dynamic model for oil tubes in curved wells was also proposed by Cai et al. [22] to analyze the radial displacement, contact force, friction resistance, and axial force in oil tube. In the model, the nonlinear contact between oil tube and casing is simulated by the space beam element and spring element. In these studies, the mutual coupling effect of oil tube, shock absorber, and perforation gun and the effect of perforation parameters on the stability of oil tube and the force acting on packer were not considered. Effective experimental data are still lacking.
The purpose of this paper is to find an effective engineering calculation formula of shock load based on experiment data and establish a dynamic model considering the mutual coupling effect of oil tube, shock absorber, and perforation gun. On this basis, the effects of main perforation parameters on the dynamic response of downhole tools are studied, focusing on the buckling of oil tube and the force acting on packer.
Vibration Differential Equation of
Downhole Tools
Basic Assumptions and Mechanical
Model. According to the structure of the perforation string system and the operation condition, the following assumptions are made in order to derive the dynamic governing equations of the system.
(1) It is assumed that the material of oil tube and perforation gun is homogeneous and isotropic.
(2) The shock absorber is equivalent to a mass-springdamping system, ignoring the geometry of the shock absorber and the inhomogeneity of the mass distribution.
(3) The packer is considered as a fixed support without considering the relative displacement between the packer and casing tube or oil tube.
(4) The structural damping of the tube string is ignored.
Only the longitudinal vibration of the tube string is considered.
On the basis of these assumptions, the mechanical model of downhole tools can be described in Figure 3 . 
Longitudinal Vibration Differential Equation of a Downhole Tube.
The oil tube is taken as an example to illustrate the process of establishing the vibration differential equation of a tube string including oil tube and perforation gun. The coordinate system and the mechanical analysis of an oil tube element are shown in Figure 4 . The forces on the element are composed of inertia force (
d , and the elastic force in the tube 1 / , where is elastic modulus, is the cross section area of the oil tube, is density, ] is the damping coefficient of the liquid in annulus, and is gravity acceleration.
The equilibrium equation of the element is given by
Based on the transformation of (1), the partial differential equation of the vibration of an oil tube string can be expressed as 
where is the dynamic viscosity of the fluid, is the external diameter of oil tube, is internal diameter, and is the diameter of borehole.
The local coordinates and the force analysis of the shock absorber are shown in Figure 5 , where 1 and 1 are, respectively, the spring and damping forces between the shock absorber and oil tube, 2 and 2 are correspondent forces between the shock absorber and perforation gun, and 2 and 2 are, respectively, the inertia force and gravity of the shock absorber.
The equilibrium equation of the shock absorber is given as
Equation (4) can be further extended to
where 1 ( ), 2 ( ), and 3 ( ) are, respectively, the displacements of the lower end of the oil tube, shock absorber, and the upper end of perforating gun. 2 , , and are, respectively, the mass, stiffness coefficient, and damping coefficient of the shock absorber.
Solving
Scheme. Using Newton's center difference formula to discretize (2) and (5), the following numerical forms are given, respectively, as (6) and (7). Numerical form of the longitudinal vibration equation of oil tube and perforation gun:
Numerical form of the vibration equation of a shock absorber:
Figure 5: Force analysis of a shock absorber. Let 2 = /Δ , 6 = 2 /Δ 2 ; (7) can be written as
By solving (6), the nodal displacements of a perforation tube string system at moment + 1 can be obtained, except for those of the lower end of oil tube, shock absorber, and the upper end of perforating gun. To determine the three unknown displacements, besides (8) , at least two additional equations are needed. Here, two force continuity conditions are introduced.
The force analysis of the lower end of the oil tube is shown in Figure 6 . According to the law of force continuity, the balance equation of these forces is given by
where 1 is the inertia force of the lower element of oil tube. Using Newton's center difference formula, the numerical form of (9) can be expressed as
The oil tube is discretized by a finite number of elements. So, here denotes the mass of the bottom element of the oil tube and can be expressed as
, where is the element length. Let 1 = / , 3 = /Δ 2 ; (10) can be written as
The force analysis of the upper end of a perforation gun is shown in Figure 7 . The balance equation of these equations is given by
Using Newton's center difference formula, the numerical form of (12) can then be written as
The performed gun is also discretized by a finite number of elements. So, here denotes the mass of the top element Shock and Vibration 5 of the performed gun and can be written as
, where , , respectively, denote the external diameter and internal diameter of perforation gun; is the element length. Let 4 = / , 5 = /Δ 2 ; (13) can be written as
= 2 +2, − 2 +3, − 4 +4, +1 − 2 5 +3,
Solving (8), (11), and (14) simultaneously, the displacements of the lower end of oil tube, shock absorber, and the upper end of perforating gun at moments +1, 1, +1 , +2, +1 , and +3, +1 can be determined.
Experimental Analysis of Downhole Perforation Load
An underwater explosion experiment of perforation bullet was carried out to investigate the pressure distribution of perforation explosion. The equipment needed for the experiment is mainly composed of a water tank, perforation guns, ammunition, and sensors which are shown in Table 1 and Figures 8 and 9 .
In the experiment, the perforation gun with perforation bullet is placed in the pool, and the explosion pressure sensors are arranged in the position shown in Figure 10 . After the perforation bullet is detonated, the shock wave energy, namely, equivalent energy (as shown in Figure 11 ), can be collected by the pressure sensors, based on which the quality of equivalent explosive can be determined.
More than twenty underwater explosion tests on 5 kinds of high temperature and high pressure oil perforation bullet were carried out to measure the underwater explosion overpressure which is shown in Table 2 .
Based on the tested data in the experiment, the mass percentages ( ) of explosive mass to total charge mass ( ) are determined. Here, explosive mass refers to those consumed by the shock wave produced by underwater explosion and the bubble pulsation of perforator tapes 73, 89, and 102 (main blasting charge is HMX). Figure 12 indicates that the mass percentage increases with increasing the charge quantity of perforation gun.
With linear fitting the experiment data of types 73, 89, and 102, an equation describing the relation between the mass percentage and total charge mass is obtained. 
where 0 is the pressure of stable stage, is explosive charge, is peak pressure, and is the distance from explosion center of perforation gun. According to the different types of perforating bullet, the engineering calculation method of the pressure field of downhole explosion can be established.
It is worth noting that the application of (17) should be restricted to a certain extent. The first one is that the explosion peak pressure and the pressure of steady stage depend only on the equivalent explosive mass of the downhole explosion of a Shock and Vibration single perforation bullet and they have no direct relation with the number of perforation bullets detonated simultaneously and the time interval of detonation. The second one is that (17) is only suitable for perforation bullet with RDX type charge. As other charges (TNT, HMX, and PYX) are used in perforation bullet, it is needed to modify the peak pressure and the pressure of stable stage.
Dynamic Response Analysis of Downhole Tools
A FORTRAN calculation code based on the dynamic model shown in Section 2 and the engineering calculation method of perforation pressure field shown in Section 3 are developed. Using the code, the dynamic response characteristics of the oil tube string and the packer in downhole perforation operation are investigated. The design, construction, and environmental parameters in calculation analysis are shown in Table 3 .
Dynamic Response of Oil Tube and Packer.
In the calculation code, an array is used to record the maximum axial tensile and compressive force in the oil tube string. It is noted that the upper end of the oil tube string (its position in the coordinate system is 200 m) is connected to the packer. So, the axial force in the upper end of the tube string is equal to that acting on the packer. Figures 13-15 show the distribution of the maximum dynamic axial force in oil tube string. It can be found that the axial tensile force decreases gradually along the well depth, with the maximum and minimum values appearing, respectively, at the upper and lower ends of the oil tube string. The distribution of maximum axial compressive force is just opposite to this phenomenon. The reason is that gravity is one of the main factors affecting axial forces. Figure 13 shows that, compared with one-shock absorber scheme, the two-shock-absorber scheme can significantly reduce the axial forces in the tube string. However, excessive arrangements of shock absorbers in the same position have little effect on reducing axial forces and force acting packer. Figure 14 (a) shows that, except for the upper and lower ends, the maximum dynamic tensile force in the same position decreases with increasing tube length. However, increasing tube length has no significant effect on the distribution of axial tensile force, whereas it is found in Figure 14 (b) that the tube length has a significant effect on the distribution and magnitude of axial compressive force. As the length is relatively small, there are two extreme points appearing on the curve of axial compressive force. With the length increasing, the axial compressive force in the lower part of the oil tube string increases and that in the upper part decreases. It is found in Figure 15 that the axial forces including tensile force and compressive force in oil tube string increase with the increase of charge quantity. The greater the distance from the lower end of oil tube string, the greater the increment. As the explosive charge changes, the axial tensile force shown in Figure 15 (a) increases linearly with the distance. Figure 15 (b) shows that with the charge quantity changing from low to high, the axial compressive force in the midupper part of tube string, compared with that in lower part of tube string, changes from weak to strong. So the explosive charge has significant effect on the axial force in oil tube, especially for mid-upper part of the tube string. For the case of large charge, the packer may fail, since the force acting on it may exceed the releasing force. 
Buckling Mechanical Behavior of Oil Tube String.
Helical buckling is a common failure form of tube string [24] . To investigate the perforation impact load on this mechanical behavior, an equation for calculating critical helical buckling load of tube string is used as follows [25] :
where (= ) is the effective line mass of oil tube, is elastic modulus, is density, is line volume per unit length, is inertia moment of cross section, and are pressures of the fluid in oil tube and annulus, and and are crosssectional areas corresponding to inner and outer diameters.
In order to distinguish the mechanical state of a tube string, here, a ratio (= ℎ / ,max ) is used, where ,max is the maximum dynamic compressive force.
As < 1, helical buckling appears; otherwise, helical buckling does not appear. Figure 16 shows that two-shock-absorber scheme is better than one-shock-absorber scheme in preventing helical buckling. Compared with two-shock-absorber scheme, threeshock-absorber scheme can only improve the capability of preventing helical buckling of the lower part of oil tube string; it has little effect on other parts. In fact, under the current conditions, one-shock-absorber scheme can meet the requirements of avoiding the helical buckling of the tube string. Figure 17 shows that with the tube length increasing the range of helical buckling in the lower part of tube string is expanded. However, in the other parts, the ability to resist buckling is enhanced. It is found in Figure 18 that with the charge of the perforating bullet increasing ratio decreases. Especially for the mid-upper part, this trend is more significant. It is indicated that the charge has a greater effect on the mid-upper part of the tube than the lower part of the string. 
Discussion and Conclusion
The effects of three important parameters, charge quantity, shock absorber number, and tube length, on the dynamic behavior of downhole tools have been investigated in detail. Based on the results described, the following conclusions can be drawn.
(1) The shock absorber between the perforating gun and the tube string can obviously improve the mechanical state of the oil tube and packer. However, it is not an economic option to set too many shock absorbers at the same location.
(2) The charge has a significant effect on the mechanical state of tube string and packer. Especially for the mid-upper part of the tube, this effect is more evident. Thus, as the charge quantity is large, a subsection setting scheme of the shock absorber can be used in the mid-upper part of the tube string.
(3) The length increase of the tube string will reduce the stability of the lower part but will improve the stability of the mid-upper part. Thus, as the charge quantity is large, the mechanical state of oil tube string and packer can be improved by extending the length of the tube string below the packer.
